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Management decisions grounded in ecological understanding are essential to the
maintenance of a healthy urban forest. Decisions about where and what tree species
to plant have both short and long-term consequences for the future function and
resilience of city trees. Through the construction of a theoretical damage index, this study
examines the legacy effects of a street tree planting program in a densely populated
North American city confronting an invasion of emerald ash borer (Agrilus planipennis).
An investigation of spatial autocorrelation for locations of high damage potential across
the City of Toronto, Canada was then conducted using Getis-Ord Gi∗. Significant spatial
clustering of high damage index values affirmed that past urban tree planting practices
placing little emphasis on species diversity have created time-lagged consequences of
enhanced vulnerability of trees to insect pests. Such consequences are observed at
the geographically local scale, but can easily cascade to become multi-scalar in their
spatial extent. The theoretical damage potential index developed in this study provides
a framework for contextualizing historical urban tree planting decisions where analysis of
damage index values for Toronto reinforces the importance of urban forest management
that prioritizes proactive tree planting strategies that consider species diversity in the
context of planting location.
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INTRODUCTION
Widely recognized for providing important ecological, economic, and social benefits to city
residents (Dwyer et al., 1992; McPherson, 1992), urban tree cover is a living resource and therefore
inherently dynamic (Nowak and Greenfield, 2012). Beyond the loss of city trees from new
development and urban densification (Sanders, 1984; Nowak and Greenfield, 2012), significant loss
of tree cover also results from natural events such as storms (Sisinni et al., 1995; Burley et al., 2008;
Wiersma et al., 2012) or sustained conditions of drought (Nowak, 1993). The urban forest is also
susceptible to unexpected tree loss from diseases and pests that can affect a specific genus or target
an individual species (Raupp et al., 2006). With an increasing number of large North American
cities like New York and Los Angeles investing in planting programs to protect and enhance their
urban forests (City Plants, 2015; Million Trees NYC, 2015), it is important to investigate how city
tree management choices driven by short-term considerations (e.g., financial constraints, nursery
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stock availability, aesthetics) can result in delayed and unexpected
consequences magnifying the susceptibility of the urban forest
to canopy decline and tree mortality, thus limiting the overall
resilience of the urban forest. This study considers an example
of these consequences that are, in part, a legacy of past planting
decisions concerning the street tree resource in Toronto, Canada,
currently facing sudden and rapid canopy loss resulting from
Emerald Ash Borer or “EAB” (Agrilus planipennis), an invasive,
phytophagous, insect pest.
As the vast majority of North American street trees are
not naturally occurring, the structure of a city’s street tree
resource is in part resultant from species selection and the
planting/replanting rate (stocking rate); both of these choices
can have short- and long-term consequences for the urban
forest resource and ultimately the resource’s potential to deliver
desirable benefits. More challenging urban growing conditions
narrow the selection of species to those more tolerant of
urban stresses (Richards, 1983; Whitlow and Bassuk, 1988).
Selecting a tree species less capable of withstanding harsh urban
growing conditions increases its probability of mortality, and
reduces the average longevity of that species subject to these
conditions (Foster and Blaine, 1978; Sanders, 1981; Richards,
1983). Subsurface infrastructure and overhead conflicts (e.g.,
electrical wires) as well as proximity to impervious surfaces
(e.g., sidewalks and roads) results in chronically inadequate soil
quantity and quality, which directly inhibit and prohibit root
development and mainstem elongation (Bassuk and Whitlow,
1988; Lindsey and Bassuk, 1992). Avoidance of high rates of
street tree mortality (Foster and Blaine, 1978; Lu et al., 2010)
and stultified tree growth (Close et al., 1996; Quigley, 2004;
Smiley et al., 2006) are practical and attractive reasons for
selecting fast growing tree species that are also more tolerant of
urban conditions. Such decision making serves to improve the
short-term efficiency of urban tree planting programs.
There are, however, longer-term consequences of a narrowed
street tree species selection, some of which can be magnified
based upon decisions related to spatial planting/growing
proximity. Preferentially planting many individuals of a single
species decreases species diversity and may extend to reduced
genetic diversity if very few cultivars of the species are planted.
This reduced species and genetic diversity potentially creates
conditions for increased susceptibility of city trees to pests or
disease (Sanders, 1981; Alvey, 2006; Lac´an and McBride, 2008).
The plight of the American elm (Ulmus americana) provides a
good cautionary example of not prioritizing tree species diversity
in urban settings. Planted in large numbers along streets in
many North American cities due to its fast growth, appearance,
and tolerance of a wide range of conditions (Raupp et al.,
2006), populations of American Elm have been catastrophically
reduced by Dutch elm disease (or “DED”) (Ophiostoma spp.)
both in the United States and Canada. Rather than replace
this species-specific loss with greater tree diversity, city planting
selections have regularly been limited to a small selection of tree
species.
Another genus of tree species often found with elevated
frequencies within North American cities is ash (Fraxinus spp.).
Prior to being a common choice for replacement of American
elms lost to DED (Poland and McCullough, 2006) ash had
become a common shade tree due to the “Marshall Seedless”
cultivar of the green ash (Fraxinus pennsylvanica) introduced
in the early 1940s (MacFarlane and Meyer, 2005), reducing
the genetic diversity of this particular ash species in some
urban locales. The resulting popularity and increased spatial
concentration of ash in some cities has recently resulted in a new
problem not anticipated at the time of planting—susceptibility
to EAB. Originally identified in Detroit, Michigan in 2002
(Cappaert et al., 2005; MacFarlane and Meyer, 2005), this
insect native to Asia has spread from Detroit to 22 US states
(Siegert et al., 2010) and two Canadian provinces (Poland and
McCullough, 2006; Siegert et al., 2010). EAB is considered to be
a significant threat to the urban forest for a number of reasons.
While ash species are considered to be more resistant to the
pressures of the urban environment than many broadleaf tree
species, they still experience exposure to urban stressors and their
growing environment is similarly constrained when compared
with other city tree species.
Despite their tolerance of harsh conditions, there are still
many individual ash trees whose vigor is compromised by
chronic exposure to urban stressors. Several recent studies have
demonstrated that stressed ash trees tend to be preferentially
colonized by EAB (McCullough et al., 2009; Siegert et al., 2010).
Moreover, low genetic diversity among urban ash tree plantings
and the lack of a co-evolutionary pathway to develop some
resistance to EAB (i.e., EAB is non-native) means even healthy
trees are at risk of EAB infestation (Sydnor et al., 2007; Siegert
et al., 2010). Once infested with EAB, the death of a tree occurs
within 3–4 years for a large ash tree (Poland and McCullough,
2006). With the potential to migrate up to 20 km per year
(Prasad et al., 2010), when established in the urban forest of
a city, EAB can disperse very quickly and has the potential
to extirpate ash trees throughout the tree canopy. In many
eastern North American cities, extirpation of the genus Fraxinus
from the urban tree canopy seems most likely given the mixed
success of containment strategies applied in locations where EAB
infestations have been identified (Herms andMcCullough, 2014).
It should be noted that the threat of EAB is not restricted to
urban settings, and has been identified in both managed and
natural forest systems beyond the cities in which the original EAB
infestation has been identified (Hodge et al., 2015). Recent aerial
surveys by the Ontario Ministry of Natural Resources identified
a cumulative area of 63,421 ha in southern Ontario exhibiting
severe decline or mortality related to EAB infestation (Scarr
et al., 2012). Sudden canopy gaps resulting from rapid decline
and mortality are expected to have a number of consequences
for these forest systems, including shifting species composition
and local impacts on biogeochemical cycling (Kenis et al., 2009;
Gandhi and Herms, 2010).
The study area for this research is the City of Toronto,
Ontario, Canada. With a population of 2.8 million people (most
recent Canadian census), Toronto is now the fourth largest city in
North America by population (O’Toole, 2013). The city’s current
political boundaries are the result of the amalgamation of six
contiguous municipalities, which occurred in 1998 (Schwartz,
2004). Pre-amalgamation, these independent municipalities had
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FIGURE 1 | Proportion of street tree stems that are species of the genus Fraxinus by city ward for Toronto, Canada (2012).
their own planning departments, each of which had its own
objectives and priorities that have resulted in considerable spatial
heterogeneity of urban form. Among the variability in planning
priorities was the provision and maintenance of green space and,
immediately relevant to this research, planning and investment
in street tree programs. It is reasonable to infer that each of these
former Toronto municipalities shows some variability in how
reliant street tree programs have been on ash (Fraxinus spp.)
within their past planting selections. While ash is commonly
encountered in every city ward across amalgamated Toronto
(see Figure 1), there does appear to be areas of higher ash
concentrations (spatial clustering), particularly in Scarborough
and Old Toronto.
Toronto was chosen as the context for this study for a number
of reasons. With 10.2 million trees and a structural value of $7.1
billion (Nowak et al., 2013), Toronto’s urban forest is comparable
to that of other large North American cities such as New York
(5.2 million trees, structural value of $5.2 billion; see Nowak
et al., 2007) and Los Angeles (6 million trees, structural value
of $12.4 billion; see Nowak et al., 2011). Furthermore, though
Toronto’s street tree population contains a considerable number
of species, there is a strong dominance of a small subset, most
of which have been selected based upon short-term economic
considerations (i.e., fast growing, tolerant of urban conditions).
Of the 530,190 street trees inventoried in Toronto, 21.1% are a
cultivar of Norway maple (Acer platenoides); 7.2% are Gleditsia
spp. (e.g.,Gleditsia triacanthos or honey locust); and, 5.2% are ash
(Fraxinus spp.) With three tree genera accounting for 33.5% of
the street tree population by stem count, and comprising an even
greater proportion by leaf area (City of Toronto Parks Forestry
and Recreation, Urban Forestry, 2012), Toronto’s municipal
forest is especially vulnerable to threats in the form of insect pests
and pathogens.
Empirically, the study location offers the opportunity to
examine the consequences of past tree planting decisions across
a large urban forest with an established EAB infestation. At the
time of this writing, high levels of ash decline and mortality
from EAB are observable within Toronto’s street tree population.
While Toronto is attempting to delay infestation in as many
as 13,000 trees (mostly along streets and in parks) through
injection of insecticide in “high value trees” (Patterson, 2011),
recent estimates indicate that all ash trees (an estimated total
of 860,000 individuals across all land cover categories) could
be lost, representing just over 2 percentage points of Toronto’s
current cumulative urban forest leaf area, or the equivalent of
$570 million in structural value (City of Toronto Parks Forestry
and Recreation, Urban Forestry, 2013). This loss of canopy is
expected to coincide with the early stages of Toronto’s renewed
commitment to expanding tree canopy (from ∼ 27% at present
to 40% over 3–5 decades) (City of Toronto Parks Forestry and
Recreation, Urban Forestry, 2013).
While the impact of EAB on Toronto’s urban forest cover,
and associated lost benefits, has been quantified from an
aspatial perspective (i.e., structurally and monetarily), there is
considerable value in identifying and describing how this urban
forest is likely to be impacted spatially by EAB. Moreover, the
relationship between diversity and the resilience of managed
ecosystems has received limited attention in the literature. In this
study, a damage potential index was constructed to provide a
spatially explicit framework to evaluate the consequences of past
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tree planting decisions, particularly the ecological, economic,
and social trade-offs that result from those original management
considerations. By understanding the time-lagged consequences
of past planting decisions, and how they manifest across urban
space, important input to proactive approaches of future urban
tree planting decisions is possible. Constructing a theoretical
metric to identify high-risk locations for EAB infestation and
tree mortality can contribute to developing strategic tree planting
objectives, including where to prioritize ash replacement. Ideally,
a theoretical damage potential metric would be developed from
a complete inventory of trees that includes those growing on
public and private land. While Toronto, similar to most cities,
does not have a full inventory of all of its trees, it does have
a complete inventory of street trees. This inventory provides
an opportunity to construct a preliminary model to identify,
on a local scale, where the street tree resource is likely to
be damaged most by EAB. While derived from a street tree
inventory, themethodology developed in this study allows for the
subsequent inclusion of additional tree datasets, allowing for a
more comprehensive understanding of the threat posed by EAB.
Finally, this research documents an approach that is transferrable
to other urban geographies and to other tree genera that may be
vulnerable to current or future threats posed by insects or disease.
MATERIALS AND METHODS
Datasets
At the time of analyses, current cadastral data for the City
of Toronto was not publically available as a complete dataset.
A property boundaries feature dataset containing 476,904
individual parcels was created by Ryerson University’s Urban
Forest Research & Ecological Disturbance (UFRED) Group by
merging 922 AutoCAD tiles originally developed for the purpose
of emergency service response. An examination of this dataset
revealed that the size distribution of city lots varied from a
minimum of less than 1m2 to a maximum of 2.03 km2, with a
mean of 1086m2 and a standard deviation of 10,780m2. The
Toronto street tree inventory was obtained through the Open
Toronto portal (City of Toronto Parks Forestry and Recreation,
Urban Forestry, 2012). A total of 530,190 trees composed of
approximately 185 species in 65 genera were represented by
points and georeferenced to parcel centers rather than at discrete
coordinates. The following attributes were available for each tree:
property address, common name, scientific name, diameter at
breast height, and a position code to differentiate multiple trees
present on a lot. Street centerlines were obtained from DMTI
Spatial Inc. Cartographic boundaries for the 531 census tracts
(or “CT”) for the 2006 Census were obtained from Statistics
Canada. The size distribution of the CT boundaries range from
a minimum area of 13,167m2 to a maximum area of 29.02 km2,
with a mean of 1.19 km2 and standard deviation of 1.71 km2.
Damage Potential Index
In order to produce a spatial distribution of the theoretical
damage index, the data were aggregated to a common zonation
or analytical frame. Translating the data to a common analytical
frame allowed for the standardization of data from spatially
implicit forms to spatially explicit forms, which permits
better comparison between and among locations. Although, an
argument could be made for an analysis that used an arbitrary
FIGURE 2 | The proportion of street trees that belong to the Fraxinus genus calculated for each census tract for Toronto, Canada (2012).
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grid with quadrants of equal size, most planning and policy
decisions target only quasi-regular shaped geographic areas
that are based on socio-demographic or political boundaries
such as dissemination areas, CTs, neighborhoods, and wards.
Furthermore, the impact on the street tree resource may
disproportionately affect some groups of residents over others
(e.g., by income or ethnicity). As a result, CTs were chosen as
the common spatial frame for analysis to allow comparability
between locations throughout the city, while at the same time
maintaining the ability to conduct future analysis that includes
socio-demographic variables.
EAB damage to the street tree resource in any CT is expected
to be a function of several variables. The first is the frequency of
individual trees belonging to the genus Fraxinus as a function of
the total number of street trees (relative abundance) (Figure 2).
The greater the proportion of tree canopy area contributed by
ash trees, the higher the aggregate or “global” damage to the
tree canopy is expected within a CT. In this context “global”
is intended to contribute to understanding the potential overall
magnitude of the damage, but provides little insight concerning
the localized (street level) effects to tree canopy (e.g., the loss of
clusters of ash individuals opening large gaps in the tree canopy).
It is important to note that a measure of ash leaf area represents
a superior choice in calculating the proposed index. These data,
however, were not available for the target study area and stem
density was necessary to apply as a proxy measure to represent
the frequency of ash species.
Similarly, the magnitude of potential EAB damage is also a
function of an interaction of both the overall street tree density
(Figure 3) and the relative proportion of ash leaf area making
up that street tree canopy within a CT. Where there is a high-
density of street tree canopy and a large proportion of ash trees
contributing to that canopy, there will be a greater magnitude of
canopy loss. Therefore, the count of street trees within a CT is not
adequate alone for comparison between CTs due to the irregular
sizes and shapes of tracts. Therefore, a density of street trees was
calculated to facilitate this comparison. If a complete inventory of
all trees was available, a simple density of trees by unit area would
be adequate. In contrast, trees in this dataset are linked directly
to the street network within each CT and, therefore, a different
standardization process is necessary. For each CT, the number
of street trees per 1000m of street length was calculated. Primary
roadways were excluded from the standardization process as trees
growing along major expressways and their associated access
ramps are uncommon in Toronto.
Finally, the potential for additional localized damage due to
the planting arrangement of street trees must be considered. If
there are clusters of ash trees in close proximity, mortality of
those trees from EAB infestation may result in significant holes
appearing in the tree canopy. If the same number of trees are
planted at larger distances between individuals with other tree
species interspersed between ash plantings, the extent of gaps in
the tree canopy is expected to be less extensive. Because discrete
coordinate locations were not available, lot boundaries were used
as a proxy to calculate the mean distance between ash trees
for each CT (Figure 4). As mean distance increases (i.e., mean
proximity decreases), localized damage is expected to decrease as
the affected ash individuals are more dispersed. As mean distance
FIGURE 3 | Street tree stem density standardized as a function of the street network density and calculated for each census tract for Toronto, Canada
(2012).
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FIGURE 4 | Average proximity of street trees that are ash species calculated for each census tract for Toronto, Canada (2012).
decreases (i.e., mean proximity increases), individuals in the CT
are more likely to be grouped more closely and the potential for
localized damage increases.
Therefore, the potential damage in a CT is a function of
the interaction of the spatial density of street trees and the
relative proportion of ash trees, which in turn is augmented
by the mean distance between those individuals. This damage
potential index (DPI) is operationalized in the following
equation:
DPI =
(Spatial Density)×
(
Relative Proportion of Fraxinus
)
(
Mean Distance Between Fraxinus Individuals
)
Where:
Spatial Density = Number of street trees per kilometer of
street within the zone
Relative Proportion of Ash Species = Proportion of individual
street trees in the defined zone that are ash
Mean Distance between Individual Ash Species = Sum of the
distances from each lot containing one or more ash trees
divided by the total number of lots containing ash species
The numerator denotes an estimation of global damage; as the
value of the numerator increases the potential for overall damage
to the municipal forest increases. The denominator represents
a modifier for localized structural damage and represents an
inverse relationship. Holding the numerator constant (e.g., two
CTs with the same street tree density and relative proportion
of ash), as the mean distance between ash trees becomes larger
there is a reduction in the calculated DPI. As the mean distance
between ash trees becomes smaller, there is an increase in
the calculated DPI. Examining the input variable ranges for
maximum and minimum values, the theoretical maximum DPI
value possible for this distribution is 19.2 based on the observed
spatial density maximum of 192.2, the relative proportion of
ash species maximum of 0.5, and the minimum mean distance
between individual ash species of 5m.
Descriptive statistics for the DPI output revealed
a distribution of index values with extreme skew
(skewness=+4.103). Consequently the DPI was re-expressed
through a log base 10 transformation (assume base 10 for any
subsequent reference to log) to better approximate normality
and to meet the assumptions necessary for application of spatial
statistics. The spatial distribution of re-expressed DPI values
was then evaluated for clustering of extreme values using a local
indicator of spatial autocorrelation or LISA (Getis and Ord, 1992;
Anselin, 1995). For this analysis the Getis-Ord Gi∗ statistic was
chosen because of its ability to detect spatial clusters representing
locations that deviate from the overall variable average. These
clusters are commonly referred to as significant “hotspots” (i.e.,
similar high values above the distribution mean) and “cold
spots” (i.e., very low values below the distribution mean) in
the presence of global spatial autocorrelation (Ord and Getis,
1995, 2001). The identification of significant clusters of high
magnitude DPI values expands the spatial extent of investigation
beyond individual CTs to identify broader, more regional
geographic areas containing ash trees that are likely to become
infested with EAB. The presence of these clusters may indicate
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a multi-scalar impact of local planting decisions; in other words,
choices made at the local scale results in local vulnerability to
EAB, but may propagate and result in vulnerability at a wider
geographic scale.
RESULTS
Prior to transformation, DPI values calculated for study area CTs
range from 0 to 1.85 (see Figure 5), with higher values indicating
higher damage potential due to EAB. The spatial distribution
of log-transformed DPI values by CT is presented in Figure 6.
Though the spatial distributions of the original values and log
transformed values are similar, the scale of the transformed
variable is more difficult to interpret. Because many observed
DPI values are positive but less than 1, a log function results in a
negative value as an output. Though this outcome is not expected
to appreciably affect the results of the LISA cluster analysis, the
interpretability of this re-expression should be made carefully
when applied in a policy setting.
The LISA cluster analysis identified two clusters of
significantly high index values (see Figure 7). The first cluster is
located in the southern portion of the study area, which is within
the pre-amalgamation municipality of Old Toronto (containing
the downtown core and central business district of present day
amalgamated Toronto). These CTs exhibit higher proportions
of ash trees along their streets in addition to having a higher
geographic proximity between ash individuals (i.e., a lower mean
distance to neighboring ash trees). Overall, the street tree density
within these CTs is moderate, many falling within the second
and third categorical quartiles of the distribution.
The second notable cluster of elevated DPI values is located
in the northeastern portion of the study area and is contained
within the pre-amalgamation municipality of Scarborough. This
large contiguous group of CTs exhibits similar street tree
characteristics to the previously discussed cluster observed in the
downtown core—greater proportions of ash trees as well as closer
mean spatial proximity values between individuals.
DISCUSSION
Results of this analysis indicate that past management decisions
can have an important influence on the multi-scale vulnerability
of city trees, in this case susceptibility to an invasive insect
pest. In addition to individual CTs being more vulnerable to
potential EAB damage, the presence of broader clusters of
adjacent (neighboring) CTs with higher DPI values suggests past
planting patterns have inadvertently left much larger geographic
coverages of street trees at risk to canopy damage. Even with the
assumption that all ash trees will be lost to EAB, if the same
number of individual trees were more dispersed (i.e., greater
distances between individuals), localized structural damage to
the canopy is likely to be lessened. More specifically, the gaps
in the canopy from lost ash trees are expected to be larger
when individual trees are planted in close proximity than if
the same number of individuals were separated by several
individuals of other species with no vulnerability to the EAB
threat (Gandhi and Herms, 2010). The importance of increased
canopy density in providing improved ecosystem service delivery
such as summer temperature moderation (Greene, 2015) and
air filtration (Givoni, 1991) has been demonstrated and it is
reasonable to expect other ecosystem services may exhibit a
similar positive relationship with canopy density.
Furthermore, there are social and economic losses related
to urban tree decline and mortality. For some low-income city
dwellers, public trees (i.e., street and park trees) represent their
primary access to nature and the plethora of benefits associated
with such access; many of these residents do not have the
resources to purchase and maintain their own private trees
(Heynen et al., 2006). Findings from the present study confirm
that the amalgamated City of Toronto will be disproportionately
affected by the damage to city trees caused by EAB. If these
areas of high potential damage coincide with areas more reliant
on street trees for access to greenspace, social issues related
to distributional inequality are likely to result (Pham et al.,
2012; Greene, 2015). However, even if very limited distributional
inequality of access emerges as a result of ash tree mortality, if
dying ash trees lost to the EAB are not replaced, the benefits once
delivered by said trees will be lost to the affected neighborhood
and to the city as a whole. Considerable public funds are invested
in street tree planting and maintenance; where EAB-caused
tree mortality is prevalent this investment represents, to some
extent, sunk costs. However, it can also be argued that those
sunk costs may not be as high as the original investment if the
cumulative historical benefits provided by dead and dying trees
are considered. Prior to succumbing to EAB it may be reasonably
argued that enough ecological, economic, and social benefit was
delivered by these trees in aggregate accrued that, in part, offset
the initial investment and maintenance costs associated with the
historical choice to plant ash trees.
In Toronto, a specific commitment has been made to replace
lost ash trees as a part of the strategic plan to expand the urban
tree canopy from approximately 27% at present to 40% over 4–5
decades (City of Toronto Parks Forestry and Recreation, Urban
Forestry, 2012). This commitment to canopy expansion, in the
face of a relatively sudden 2% point loss of tree canopy by leaf area
resulting from EAB mortality, most certainly will slow the rate of
tree canopy expansion over the short term. Though Toronto is
expecting the tree loss resulting from EAB will begin to subside
by 2017 (Doyle, 2015), planned plantings of 105,000 trees in 2015
and 2016, and an additional 110,587 in 2107 will not adequately
compensate for the canopy loss occurring over that same time
period. Moreover, if priority is given to mitigating this EAB
caused tree loss, other planting priorities may be compromised
due to opportunity costs. Resources dedicated to managing EAB
infestations, and replacing lost ash trees, are resources that cannot
be committed to other planting objectives such as decreasing the
polarization of access to tree canopy or maximizing the efficiency
of important ecosystem services.
Understanding the trade-offs resulting from past planting
decisions is critical to informing future management practices,
specifically adapting methods toward more proactive tree
planting and maintenance efforts in Toronto as well as in other
North American cities. Replacing ash trees that are casualties
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of EAB with a single species, or even a single genus, has
the potential to result in new and, yet unknown urban forest
vulnerabilities. Ensuring diversity beyond species richness to
include considerations of evenness and genetic diversity is one
of the most important decisions that can serve to buffer against
future urban forest vulnerability to insect pests or disease.
Nevertheless, the reason that large aggregations of CTs are
susceptible to higher magnitude damage from EAB remains
connected to the difficulty associated with establishing alternate
tree species that are tolerant of harsh urban growing conditions.
Therefore, achieving a more resilient urban forest canopy
requires not only planting proactively from the perspective of
species diversity to avoid potential crises similar to EAB, but
is also dependent upon the will to improve difficult growing
conditions for city trees so as to increase the probability of
survival and to extend average longevity for a wider range of tree
species (e.g., shared rooting zones or engineered solutions such as
suspended pavement designs). Assuming a fixed budget for urban
forest management that includes both planting and maintenance
activities, a shift from more reactive planting (i.e., replacing dead
trees with new ones in the same growing conditions and hoping
for a different result) to proactive planting (i.e., improving the
survival of young trees and focusing on approaches to enhance
their longevity) implies less trees are likely to be planted per year
in lieu of improving subsurface soil conditions and improved
maintenance of existing trees.
A shift toward more proactive planting is complicated by
the political nature of tree planting and the power relationships
that exist between establishedmunicipal departments and elected
officials. Tree planting is a highly visible activity and the number
of trees planted in a year is a metric easily interpretable by the
electorate. During the most recent municipal election in Toronto
the new mayor made a campaign pledge to plant 3.8 million trees
by 2025 (Dale, 2014). It is uncertain whether this commitment
was made due to a belief that the benefits provided by the urban
tree canopy are a critical natural capital resource or whether this
commitment was to portray a well-defined contrasting vision to
his predecessor who viewed tree planting and maintenance as an
unnecessary expenditure of public tax dollars. Though recently
amended, the Urban Forestry Financial Plan with projected
plantings totaling 1,066,787 trees by 2023 (Doyle, 2015) has not
been modified to the extent that the mayor’s campaign pledge
can reasonably be met. It is foreseeable that a recommendation
by urban forestry managers to spend more per tree in order to
improve probability of survival and longevity of those trees is
likely to be politically unfavorable and be difficult to adopt once
presented to city council.
In addition to providing a framework for considering the
consequences of past planting decisions and informing future
planting efforts for street tree resources, the DPI developed in
this research can be enhanced as additional datasets become
available to better describe the entirety of urban forest. Adding
a new dataset that represents an additional subpopulation of
the urban forest (e.g., tree cover in city parks) will not affect
how the proportion of ash trees or the mean distance to the
next ash individual are calculated, there would simply be more
individuals to include in a DPI calculation. Adding new datasets
or expanding the inputs to a complete inventory would require
a modification of the density variable in the numerator. Despite
this requirement, tree density can easily be modified from a
FIGURE 5 | Spatial distribution of theoretical damage potential index values calculated for census tracts. Increasing damage to the street tree resource is
expected as index values increase.
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FIGURE 6 | Spatial distribution of log-transformed theoretical damage potential index values calculated for census tracts for Toronto, Canada (2012).
Increased damage to the street tree resource is expected as absolute values of the DPI increase.
FIGURE 7 | Getis-Ord local Gi* cluster analysis of the log transformed theoretical damage potential index values calculated for each census tract for
Toronto, Canada (2012). Hotspots and cold spots represent clusters of transformed index values significantly higher and lower than the distribution mean.
measure of trees per linear distance to a measure of trees per
area, ideally a measure of leaf area coverage per area. Because
tree benefits increase with leaf area (usually correlated with
tree maturity; McPherson, 1992; Peper and McPherson, 2003), a
greater benefit to cost ratio is typically possible with fewer larger
trees than is associated with a greater number of younger trees.
Moreover, when expressed as leaf area per unit of geographic
area, the DPI would better reflect the magnitude of potential
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damage to the local stand structure than using stem density. The
potential for expansion of this DPI is particularly important to
better identifying the potential for ecological impacts related to
gap formation resulting from the EAB invasion; in its present
form, the DPI does not capture the considerable proportion of
leaf area corresponding to Toronto’s expansive ravine system.
Data describing leaf area by tree species was not available for
this study and, therefore, it was necessary to use stem density
to represent ash tree density. As a consequence the nature
of the relationship (whether linear or multiplicative) between
DPI and realized damage to the canopy cannot effectively be
evaluated at this time; however, validation of the theoretical DPI,
through ground-based measurement, should be the priority of a
subsequent study.
It is important to note that, although the methodology is
expandable as new data become available, this DPI was developed
using a street tree inventory and, therefore, the results of the
analyses should not be extrapolated categorically beyond that
of the street tree resource. As well, there are potential data
limitations related to the dynamic nature of the urban forest
that include some uncertainty concerning tree condition and
whether the dataset may include trees that have died since the
time of inventory. Furthermore, this analysis was not designed
to predict how EAB will spread throughout the study area.
Developing a model that could predict both the spatial and
temporal dimensions of EAB infestation, and resulting damage,
requires data that were not available for Toronto. In addition to a
complete inventory (or an estimation from a sampling program),
more complete information regarding where the EAB infestation
originated; the location of first satellite colonies that spread from
the origin of infestation; and, the time from infestation to new
colony establishment are all required for such a spatio-temporal
model.
Construction of the DPI in this research serves as an
important framework for understanding how past urban tree
planting decisions can create unanticipated consequences as
a result of insect pests or pathogens, beyond the immediate
example of EAB. A narrow tree species selection and the resulting
decrease in diversity, influenced in part by short-term economic
considerations, has led to high concentrations of ash trees in parts
of Toronto. Subsequently, an uneven distribution of locations
with a greater likelihood of tree mortality and associated loss of
tree canopy has developed over time. These planting decisions
have caused an exacerbation of the EAB impact that is multi-
scalar, present at both the local level (i.e., the CT level) and at
a meso-scale (i.e., across multiple contiguous CTs) in some parts
of the study area.
Like many North American cities confronting EAB
infestations, Toronto has made a commitment to replacing
trees that succumb to this insect pest. The findings of this study
underscore the need for decision-makers to understand the
longer-term consequences of the tradeoffs made at the time of
planting (i.e., species selection and geographic placement) and
point toward the requirement for a systemic change to decision
making that moves beyond the more customary, reactive
approach of replacing dead or dying trees to one of tree planting
and management that is proactive and with a long-term vision of
ensuring a resilient future urban forest. Replacing one species or
genus with another on a one-to-one basis does not address the
risks to the urban forest stemming from the dominance of a small
suite of species, lack of genetic diversity, and the increased stress
from urban pressures contributing to the current EAB problem.
Achieving improved diversity, improved species evenness, and
reducing these urban stressors will require greater attention
to significantly enhancing growing conditions (i.e., improving
soil volume and quality), which is likely to require increased
investment per tree in the short-term. Increased short-term
investment will yield returns in the form of longer-term benefits
delivered by trees of a more mature stature having greater leaf
area.
The framework used when developing the DPI in this research
has broader applicability than evaluating Toronto’s street tree
resource. Within the context of the study area, the DPI can
be expanded to include additional datasets as they become
available to encompass a larger proportion (or the entirety) of the
urban forest. Furthermore, there is wider applicability for urban
forest managers—this framework can effectively be transferred
for application to other tree species that may be vulnerable to
other insect pests such as Anoplophora glabripennis (Asian Long-
horned Beetle) and Lymantria dispar dispar (Gypsy Moth), or
be used in vulnerability assessments of tree pathogens such as
Ophiostoma spp. (Dutch Elm Disease).
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